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Isotopologues: molecules differing in isotopic composition, e.g., H2O 
versus HDO. Isotopologues have slightly different physical properties, 
including molecular weight, freezing point, vapor pressure.  

Water has several stable isotopologues, in order of decreasing abundance 
H2O, H2

18O, HDO, and others.

In a closed system, HDO/H2O is conserved. In an open system, hydrologic 
processes such as evaporation, precipitation or mixing change the ratio.

As reference, Standard Mean Ocean Water (SMOW) has the isotopic ratio 
(HDO/H2O)SMOW = 3.115x10-4. 

Delta notation: dDsample = [(HDO/H2O)sample/(HDO/H2O)SMOW - 1]*103

(per mil or ‰).

Stable isotope terminology
Multi-Spectra Multi-Species team
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2. Scientific Motivation
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Figure 1. Cartoon illustrating key processes governing the isotopic composition of atmospheric water vapor. Blue
arrows indicate processes that tend to isotopically deplete water vapor, and red arrows indicate processes that tend to
isotopically enrich water vapor. The paleoclimate archives in glacial ice and in speleothems are also influenced by these
processes, which are discussed in detail in section 6.

interpretations of the governing hydrological processes and can also help diagnose deficiencies within the
models themselves.

The earliest studies of water vapor isotopic composition relied on cryogenic and mass spectrometric
techniques, which dominated the field until the mid-1990s, when the first space-based measurements were
obtained with the Atmospheric Trace Molecule Spectroscopy (ATMOS) instrument which flew aboard the
space shuttle in 1994 [Gunson et al., 1996]. This was followed by the advent of laser absorption spectro-
scopic techniques [e.g., Scherer et al., 1997] in the 1990s. General circulation models with isotope-enabled
microphysics schemes first became available in the 1980s, with more widespread use beginning in the 1990s
[e.g., Joussaume et al., 1984; Hoffmann et al., 1998].

Many of the major advances in the field have occurred within the last decade, which is part of the motiva-
tion for the present review. In the mid-2000s, relatively low-cost commercial laser absorption spectrometers
became available [e.g., Baer et al., 2002; Crosson et al., 2002], along with nearly global satellite measurements
of water vapor isotopic composition [e.g., Worden et al., 2006; Frankenberg et al., 2009] and ground-based
remote sensing data using spectra measured within global networks [Schneider et al., 2012; Rokotyan et al.,
2014]. The increased capacity to measure water vapor isotopic composition has spawned dozens of observa-
tional studies, many of which are discussed below, [e.g., Worden et al., 2007; Noone et al., 2011; Steen-Larsen
et al., 2013; Galewsky et al., 2011; González et al., 2016]. Concurrently, there have been significant advances in
the numerical modeling of stable water isotopologues through increased use of isotope-enabled general cir-
culation [e.g., Schmidt et al., 2005; Risi et al., 2012a; Sturm et al., 2010] and limited-area [Sturm et al., 2005; Smith
et al., 2006; Blossey et al., 2010] models.

To date, review papers of stable isotopes in hydrology have focused primarily on precipitation and were
written before the recent expansion of studies in water vapor isotopic composition [e.g., Gat, 1996];
furthermore, studies of stable isotopes in atmospheric water vapor have remained mostly separate from work
on, for example, the distribution [Pierrehumbert et al., 2006] or role [Held and Soden, 2000; Schneider et al.,
2010] of water vapor itself in the climate system. The goal of this review paper is thus to collect and synthe-
size the state-of-the-art in our understanding of atmospheric water vapor isotopic composition, including
measurement methods, modeling techniques, interpretive frameworks, and applications to the atmospheric
hydrologic cycle.

The paper is organized as follows: Section 2 provides background material on stable isotopologues of water,
including isotopic fractionation, Rayleigh distillation, mixing, and techniques for visualizing water vapor
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How water vapor isotopologues help evaluate hydrological processes
(Galewsky et al., Rev Geo., 2015)

Red arrows describe 
”enriching” process

Blue arrows describe 
“depleting” process

Lighter isotopologues of 
water preferentially 
evaporate. 

Heavier isotopologues
(HDO) preferentially 
condense. 

Isotopic composition from different sources:
Tropical Transpiration ~-65 to  0 ‰ 
Tropical Ocean Source ~-65 to -120 ‰ 
Tropical bare soil         ~ -240 to -180 ‰ 

1) Quantifying rainfall evaporation in tropical 
monsoons (Worden et al., Nature 2007)

2) Partitioning transpiration and river run-off 
(Good et al., Science 2015)

3) Amazon transpiration initiates rainy season 
(Wright et al., PNAS 2017)
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the MUSES Framework
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HDO Retrievals from AIRS
Multi-Spectra Multi-Species team

• Single footprint retrievals from the AIRS L1B radiances. 

• MUSES Retrieval Framework uses Optimal Estimation. 
Output includes AK and obs. error covariance matrices.

• AIRS HDO retrieval algorithm has Aura-TES heritage 
(Worden et al., 2019)*.

• Validated using aircraft profiles from ORACLES EVS-2 
(Herman et al., 2020)#.

• AIRS HDO/H2O results have been demonstrated to be 
broadly consistent with TES.
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* Worden, J. R., Kulawik, S. S., Fu, D., Payne, V. H., Lipton, A. E., Polonsky, I., He, Y., Cady-Pereira, K., Moncet, J.-L., 
Herman, R. L., Irion, F. W., and Bowman, K. W.: Characterization and evaluation of AIRS-based estimates of the deuterium 
content of water vapor, Atmos. Meas. Tech., 12, 2331-2339, 2020, https://doi.org/10.5194/amt-12-2331-2019.

# Herman, R. L., Worden, J. R., Noone, D., Henze, D., Bowman, K., Cady-Pereira, K., Payne, V. H., Kulawik, S. S., and Fu, D., 
Atmos. Meas. Tech., 13, 1825–1834, 2020, https://doi.org/10.5194/amt-13-1825-2020.

https://doi.org/10.5194/amt-12-2331-2019
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AIRS HDO/H2O retrievals
Radiance and Jacobians near 1240 cm-1

Multi-Spectra Multi-Species team
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Multi-Spectra Multi-Species team

2002-2020 processed with widely-spaced observations.

AIRS HDO/H2O Subset
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AIRS HDO available now:
• TES-like Global Survey (GS) 
• ~ 3,000 observations / day 
• Aug 2002-Mar 2020 processed
• Available at AVDC in prelim 

data format (see below)
• Work in progress: HDO file 

format and documentation for 
GES DISC

Example

AIRS HDO Data Sources:
The data are publicly available at the AVDC. 
https://avdc.gsfc.nasa.gov/pub/data/satellite/Aura/TES/.AIRS/

For use of the HDO data, please contact John.R.Worden@jpl.nasa.gov

https://avdc.gsfc.nasa.gov/pub/data/satellite/Aura/TES/.AIRS/
mailto:John.R.Worden@jpl.nasa.gov
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Multi-Spectra Multi-Species team

* TRopospheric Ozone and its Precursors from Earth System Sounding

AIRS HDO/H2O Processing in conjunction with TROPESS *
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Sub-sampling strategy:
~ 30,000 observations / day 

Processing chain:
• AIRS+OMI radiances for daytime O3
• Additional retrieval steps 

(day+night): AIRS-Only radiances for 
gases including O3, CO, CH4, NH3
and HDO/H2O.

The TROPESS team is coordinating 
with John Moses for talks with ESDIS 
and GES DISC teams to finalize file 
format and documentation.
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AIRS Dense Sampling in Special Observations
Multi-Spectra Multi-Species team

MUSES framework allow custom sub-sampling processing

Available Now:
• Special Observations rectangle 

over SE Atlantic and Africa.

• All FOVs in ORACLES domain

• 10 N to 30 S, 20 W to 25 E.

• ~ 10,000 obs / day

• Dates

• 2016:  August 30 to September 30

• 2017: August 9 to September 2
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Multi-Spectra Multi-Species team

WISPER is airborne in-situ HDO instrument in ORACLES
Statistics of AIRS minus WISPER Delta D
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446 pairs (black), 
mean (red solid) 
RMS (red dash dot)

Robert L. Herman, John Worden, David Noone et al., Atmos. Meas. Tech., 13, 
1825–1834, 2020, https://doi.org/10.5194/amt-13-1825-2020
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Multi-Spectra Multi-Species team

Optimal Estimation
Error Estimate, Delta D
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AIRS Estimated Error of HDO/H2O is 
comparable to Satellite vs. Aircraft 
Empirical Error.

This validates not just AIRS delta-D 
but also the reported error estimates 
in the retrieval product.

Robert L. Herman, John Worden, David Noone et al., Atmos. Meas. Tech., 13, 
1825–1834, 2020, https://doi.org/10.5194/amt-13-1825-2020
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Multi-Spectra Multi-Species team

Dense Sampling
AIRS HDO/H2O Future Processing

• Long-term data record from Mauna Loa Observatory (MLO)

• Multiple years of in-situ HDO, 2011-2013, newly recalibrated (Bailey)

• Surface measurements at MLO sample the free troposphere at night.

October 13, 2020 Sounder Science Team Meeting
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A global subset (~3,000 obs / day) of AIRS HDO/H2O has been 
processed for the time period August 2002 – March 2020.

Under TROPESS:
A larger global subset (~30,000 obs / day) of AIRS HDO/H2O will 
be processed using the same sub-sampling as the AIRS+OMI O3
product.

Future validation opportunities include all FOVs during two-year 
data record at MLO.

Summary:
AIRS Delta D

Multi-Spectra Multi-Species team
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- What overarching science questions would you like to address with long-term 
sounder composition records, given what you know about their quality and 
uncertainty? How is regional hydrology changing (Delta-D as indicator)?

- What should be the highest priorities when developing new trace gas products 
for air quality / climate monitoring? Specific answer: Integration of HDO from 
multiple instruments, e.g., TROPOMI and CrIS. General: signatures of 
rapidly changing climate.

- What are the highest priorities from the perspective of chemical data 
assimilation? I defer to other speakers.

- Given that the LEO sounders (IASI, IASI-NG, CrIS) will continue to be in orbit 
till ~2040s, what, in your mind, are the key observational gaps? Need HDO 
product from geostationary sounders. Missing Geo TIR over the Americas.

Questions posed:
Multi-Spectra Multi-Species team
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Backup Slides
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Multi-Spectra Multi-Species team

Delta-D compared with constructed true from MLO trade winds
AIRS Validation Plan

AIRS single-footprint 
radiances will be 
processed for 2011-2013 
to compare with in-situ 
MLO data.
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Multi-Spectra Multi-Species team

Daytime Meteorological Conditions (Garrett, MWR, 1980)
MLO
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Multi-Spectra Multi-Species team

Nighttime Meteorological Conditions (Garrett, MWR, 1980)
MLO
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Multi-Spectra Multi-Species team

Diurnal Meteorological Conditions (from Bailey et al., JGR-A, 2015)
MLO
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q is H2O volume mixing ratio
Delta-D behaves like 8*Delta18O + 10
e is precipitation efficiency


